Using first-principles calculations, we have discussed the stability of the defect charge state and magnetic properties of V Ti defects in anatase TiO 2 . While N, F, and Cl are typical nonmetal dopants for photocatalytic activity enhancement of TiO 2 , their influence on the magnetism of TiO 2 :V is also investigated. We find that V 
Introduction
Since the discovery of room-temperature ferromagnetism in Co doped anatase TiO 2 [1] , numerous experimental investigations [2] [3] [4] [5] [6] [7] and theoretical predictions [8] [9] [10] [11] [12] have been conducted on the transition metal (such as V, Cr, Mn, Fe, Co etc) doped TiO 2 for a practical diluted magnetic semiconductor (DMS). DMS holds promise for the next revolution of electronic devices with integration of magnetism into traditional semiconductor technology. Meanwhile, TiO 2 is a widely used photocatalytic material due to its unique optical and electronic properties, and low cost [13] . Anatase TiO 2 exhibits a photocatalytic activity only under ultraviolet light illumination as it has a wide band gap of 3.2 eV [14] . In order to enhance its photocatalytic activity under visible light illumination, TiO 2 samples are often doped with nonmetal atoms, such as N [13, 15] , F [16, 17] , Cl [18] , etc, aimed at shifting the optical absorption edge to lower energies. Nb and Ta doped TiO 2 also could be used as a transparent conducting oxide (TCO) [19, 20] or a thermoelectric (TE) material [21] . Titanium dioxide has attracted much attention recently as an emerging multi-functional material.
In particular, vanadium doped TiO 2 has been demonstrated with both room-temperature ferromagnetism [2, 3] and visible light photocatalytic activity [22, 23] . As a promising DMS material, V doped TiO 2 has shown interesting magnetic properties. For instance, Hong et al [2] reported experimentally that they obtained single phased anatase TiO 2 :V with unexpectedly large magnetic moments of about 4.2μ B /V. Tian et al [3] found the ferromagnetism was enhanced after postannealing the samples in argon atmosphere. From the theoretical aspect, He et al [8] reported that the total magnetic moments have a giant increase with the formation of an oxygen vacancy. Du et al [9] found the ferromagnetism in TiO 2 :V originated from a combination of short-range superexchange coupling and long-range bound magnetic polaron percolation. Recently, Osorio-Guillén et al [24] explained the ferromagnetism in TiO 2 :V and the conductivity in TiO 2 :Nb,Ta by a simple picture according to the position of the atomic d-orbital energies of the early transition-metal dopant. Since the highest occupied atomic d-orbital of vanadium is energetically lower than that of titanium, V Figure 1 . The formation energy of substitutive V defects in TiO 2 under metal-rich and O-rich conditions. The defect charge states of the defects are marked accordingly. Here the experimental gap of anatase TiO 2 , E g = 3.2 eV is adopted.
substitutional vanadium defect with neutral defect charge state, V 0 Ti (i.e. V 4+ ), which is expected to carry only 1μ B /V spin moment, significantly less than the experimentally observed magnetic moments. According to the experiments, however, there are reports on the mixing of valence states of V 3+ and V 4+ [22] , or V 4+ and V 5+ [23] in the TiO 2 :V samples observed by x-ray photoelectron spectroscopy (XPS). It is obvious that V + Ti (i.e. V 5+ ) does not possess of any d-electrons, thus no local magnetic moment is expected. The magnetic moment and couplings are expected to be remarkably different for vanadium defects with different charge states, which will also be affected by the codoping of nonmetals (N, F, Cl, etc) for improving the photocatalytic activity. Here, we will focus on the possible electronic structure and the magnetic properties of TiO 2 :V samples with and without codoping of N, F, and Cl.
Based on first-principles calculations, we find in this work that V 
Computational details
Our first-principles calculations have been carried out with the spin polarized density functional theory (DFT) and the PW91 generalized gradient approximation (GGA) formulism [25] for the exchange and correlation functional. A plane-wave basis set and the projector augmented wave potentials [26] are employed as implemented in the Vienna ab initio simulation package (VASP) [27, 28] . An energy cutoff of 500 eV is used throughout the calculations. Brillouin zone integrations are performed with the special k-point method over a Gamma centered 4 × 4 × 4 Monkhorst-Pack mesh for a supercell consisting of 2 × 2 × 1 unit cells (48 atoms). The theoretically calculated equilibrium lattice parameters of anatase TiO 2 , a = 3.829Å, c = 9.614Å are employed, and the internal coordinates are fully relaxed throughout this work.
Results and discussion

Stability of V Ti defect charge states
The formation enthalpies for V substituting Ti at different charge states are calculated with a single V atom in a 2 × 2 × 1 supercell consisting of 48 atoms according to [29] 
where E(α, q) and E(0) are the total energy of the supercells with and without defects α. Here ( μ α +μ solid α ) is the absolute is defined as the chemical potential of the elemental solid. Also n α is the number of atoms for each defect; n α = −1 if an atom is added, while n α = 1 if an atom is removed. E VBM represents the energy of the valence band maximum (VBM) of the defectfree system and E F is the Fermi energy relative to the E VBM . For charged systems, a compensating homogeneous jellium background charge is assumed to preserve overall neutrality. Owing to the finite supercell used in our calculation, we have applied the image charge correction to correct the energy of the charged supercell. Recently, Lany and Zunger [30] found that the formation energy of GaAs:V
3+
As could be wellconverged in fairly small supercells such as a 64-atom or even 32-atom supercell, as long as the potential alignment and image charge correction are included. We also consider the potential alignment between the doped systems and the defectfree system by adding V into the (E VBM + E F ) term, where V is the electrostatic alignment between the doped host and the pure host.
In order to preclude the formation of 
It is well-known that the band gap is usually underestimated by LDA and GGA due to the delocalization error and static correlation error of commonly used approximations [31] . The calculated GGA band gap is 1.84 eV, which is significantly smaller than the experimental value of 3.2 eV. Without any energy gap correction, our calculated transition energy levels for V 5+ /V 4+ and V 4+ /V 3+ are 1.67 eV and 2.15 eV, respectively. The calculation of transition levels is involved with the total energies through the formation energy. Typically, the total energy calculations and the charge density are conducted with special k-points or equivalent k-points in the Brillouin zone integration. Therefore, the donor levels, especially those outside the LDA or GGA k-point weighted band gap, should be corrected. Here, we assume that the eigenvalues for conduction band states are shifted accordingly as the GGA band gap is corrected to the experimental value. The adopted k-point weighted GGA band gap is 2.25 eV, in good agreement with that obtained in an earlier work by Na-Phattalung et al (2.32 eV) [32] . This treatment keeps the transition energy level of V 4+ /V 3+ within the band gap, although it is beyond the directly calculated GGA band gap. We notice that the V 3+ state is observed in the TiO 2 :V samples experimentally [22] . To confirm the existence of the V 3+ state, the charge density distributions around the V Ti defect at different charge states are examined. It is found that the electrons around the V atom are remarkably increased as V 5+ → V 4+ → V 3+ (see in figure 2 ), indicating that increased numbers of electrons do accumulate around the V Ti defects. This confirms that the vanadium defect could be stable at an oxidation state of +3 in TiO 2 and the transition level of V 4+ /V 3+ is within the band gap. Therefore, the stable oxidation states of V atoms could be V 5+ , V 4+ , and V 3+ in TiO 2 :V, which is consistent with the x-ray photoelectron Here we assume that the eigenvalues for conduction band states, and thus the donor transition levels of F and Cl, are shifted accordingly as the LDA band gap is corrected to the experimental value [35] .
spectroscopy results in earlier experiments [22, 23] . and our calculated charge density difference plot in figure 2.
Magnetic properties of V Ti at various charge states
Our results show that V 5+ does not possess any local magnetic moment due to the lack of any localized d-electrons. The supercells containing V 4+ and V 3+ have 0.938μ B and 1.644μ B per vanadium. Since V 5+ is favored in the ptype region and V 4+ and V 3+ are favored in n-type region (figure 1), it is concluded that the n-type TiO 2 :V is an FM semiconductor while there is no ferromagnetism in p-type samples. Furthermore, the local magnetic moment is expected to increase with the Fermi level moving up to the conduction band minimum.
The densities of states of TiO 2 :V with different vanadium oxidation states are shown in figure 3 . It indicates that the valence band is mainly contributed by O atoms, while the conduction band is mainly contributed by Ti atoms. Clearly, V 5+ introduces defect states below the conduction band ( figure 3(a) ). This is consistent with the fact that the vanadium d-orbital energy of the highest occupied atomic dorbital is lower than that of titanium [24] . When the defect states of the V atom are ionized, there is an exchange splitting in the V d-orbital. Both the majority spin states of V 4+ and V 3+ d levels are filled by electrons, and the d-orbital of V maintains the open-shell configuration.
In order to get a clear picture of the magnetic mechanism, we have studied the FM and antiferromagnetic (AFM) coupling for two V Ti defects in various configurations in a 2 × 2 × 1 supercell (figure 4). One V is put at a Ti lattice site (marked 0 in figure 4) , and the other V atom is put at positions 1-5 of the Ti lattice sites according to the order of V-V distances. In each case, the energy difference between FM and AFM orderings, E ex = E afm − E fm , is calculated for their magnetic coupling preference. Figure 5 shows the relative value of E afm and E fm for the V 4+ pair and the V 3+ pair. The favored magnetic coupling is found to be FM for both V 4+ and V 3+ pairs in TiO 2 . The nearest configuration with a FM state has the lowest energy. It indicates that there is a clustering tendency for a V-O-V cluster. This is different from the situation of TiO 2 :Cr [10] , where Cr 3+ tends to distribute uniformly and leads to paramagnetism, although Cr 4+ tends to form a Cr-O-Cr cluster with strong ferromagnetism. According to whether the d-orbital near the Fermi energy level is open or closed, the magnetic coupling could be favored for FM or AFM through the hopping interaction [33, 34] . Both of the DOSs of V 4+ and V 3+ show the open-shell configuration for the corresponding V Ti defects, which maintains their stable FM coupling.
TiO 2 :V codoped with N, F, and Cl
Our results show that the magnetism is favorable in n-type but unfavorable in p-type samples of TiO 2 :V. The p-type and ntype nonmetal dopants like N, F, Cl are usually used for the enhancement of its photocatalytic activity in TiO 2 . Figure 6 shows the formation energies of N, F, and Cl substituting at O sites in TiO 2 under metal-rich and O-rich conditions. Under metal-rich conditions, the substituting formation energies have relative low values. V Ti also has a low formation energy under metal-rich conditions (cf figure 1) . This indicates that V Ti and N O (F O , Cl O ) could be codoped under metal-rich conditions. In fact, there are experimental reports on transition metal and anion ions in TiO 2 [22, 36] . For the potential applications requiring combined magnetic and optical functionality, it is interested to investigate the effect of N, F, or Cl codoping on the magnetic properties of TiO 2 :V.
To find the configuration of vanadium with the codoping atoms, we put V at position 0 of the Ti lattice site and put the codoped atom at position A (near configuration) or position B (far configuration) of the O lattice site as shown in figure 4 . Table 1 lists the relative energies E and the magnetic moments of the codoped configurations. It is shown that the TiO 2 :V system codoped with p-type dopant N does not carry any local magnetic moment. The TiO 2 :V system codoped with n-type dopants F and Cl possesses a magnetic moment approximating that of V 3+ . By comparing the electron density distribution of V defects in the codoped systems with those of V 5+ and V
3+
(figure 7), we find that the electron density distribution of V in the F codoped system is very close to that of the V 3+ defect, while V in the N codoped system is very close to that of the V 5+ defect. It is clear that the n-type dopants, such as F and Cl, could stabilize V to V 3+ of the V Ti defects, and a p-type dopant such as N could stabilize V to V 5+ of no local magnetic moment. Furthermore, we put two codoped nonmetal (F or Cl) atoms in a supercell containing a pair of V ions. The V ions are put at positions 0 and 2 of the Ti lattice sites, while F or Cl atoms are put at positions A and C of the O lattice sites in figure 4 , respectively. Our results show that the V pair is stable at the FM state with E ex of 203 meV for F codoping and 96 meV for Cl codoping. Thus, n-type dopants, such as F and Cl, are suggested when TiO 2 :V samples are prepared for applications requiring combined magnetic and optical functionality. It is clear that the p-type dopants, such as N, will deplete magnetism in the TiO 2 :V system.
Conclusion
In summary, we have theoretically investigated the stability of the defect charge state and magnetic properties of substitutional vanadium in anatase TiO 2 , as well as the codoping effect with N, F, and Cl for a variety of applications requiring combined magnetic and optical functionality. It is demonstrated that V 5+ is preferred in p-type samples and V
4+
and V 3+ could be stable in n-type samples. V 5+ may not be possessed of any magnetic property, while both V 4+ and V 3+ prefer FM coupling. Thus, the n-type characteristic is favored for anatase TiO 2 :V when it is designed for multi-functionality applications requiring both its magnetic and optical properties. It is confirmed that n-type dopants, such as F and Cl, are expected to enhance the magnetism and p-type dopants, such as N, will deplete the magnetism in the TiO 2 :V system.
